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ABSTRACT Fonticins are phage tail-like bacteriocins produced by the Gram-nega-
tive bacterium Pragia fontium from the family Budviciaceae. This bacterium produces
contractile-type particles that adsorb on the surface of sensitive bacteria and pene-
trate the cell wall, probably during contraction, in a way similar to the type VI secre-
tion system. We characterized the pore-forming activity of fonticins using both living
cells and in vitro model membranes. Using a potassium leakage assay, we show that
fonticins are able to permeabilize sensitive cells. On black lipid membranes, single-
pore conductance is about 0.78 nS in T M NaCl and appears to be linearly depend-
ent on the increasing molar strength of NaCl solution, which is a property of consid-
erably large pores. In agreement with these findings, fonticins are not ion selective
for Na*, K*, and Cl~. Polyethylene glycol 3350 (PEG 3350) molecules of about
3.5 nm in diameter can enter the fonticin pore lumen, whereas the larger molecules
cannot pass the pore. The size of fonticin pores was confirmed by transmission elec-
tron microscopy. The terminal membrane-piercing complex of the fonticin tube
probably creates a selective barrier restricting passage of macromolecules.

IMPORTANCE Phage tail-like bacteriocins are now the subject of research as potent
antibacterial agents due to their narrow host specificity and single-hit mode of action.
In this work, we focused on the structure and mode of action of fonticins. According to
some theories, related particles were initially adapted for passage of double-stranded
DNA (dsDNA) molecules, but fonticins changed their function during the evolution; they
are able to form large pores through the bacterial envelope of Gram-negative bacteria.
As various pore-forming proteins are extensively used for nanopore sequencing and sto-
chastic sensing, we decided to investigate the pore-forming properties of fonticin pro-
tein complexes on artificial lipid membranes. Our research revealed remarkable struc-
tural properties of these particles that may have a potential application as a nanodevice.

KEYWORDS fonticin, phage tail-like bacteriocins, black lipid membranes, membrane
pore formation, conductance, electric current, electron microscopy, single-pore
conductance

hage tail-like bacteriocins (PTLBs) are high-molecular-weight protein complexes

produced by a wide spectrum of eubacteria. These nanoscale-size particles are
closely related to contractile tail bacteriophages (1), the type VI secretion system (2),
Photorhabdus virulence cassettes (3), and some other contractile ejection systems,
sharing the function and mechanism of penetrating the bacterial envelope (4, 5); there-
fore, PTLBs play an important role in bacterial interactions.

PTLBs occur in two morphologically different forms, contractile rigid particles (R-type)
and noncontractile but flexible particles (F-type). R-type particles have evolutional relations
with P2 phages from the family Myoviridae. On the other hand, F-type particles are derived
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from A phages from the family Siphoviridae (6). PTLBs are nowadays also referred to as
tailocins due to their similarity to phages’ tails (7, 8). As well as other bacteriocins, phage
tail-like bacteriocins evolved as tools for killing other bacteria. Their bactericidal spectra are
very narrow; they usually target competing strains within their own species (9, 10).

In general, all R-type PTLBs are very similar in terms of their structural organization,
mode of action, and receptor specificity (10-13). The structural organization of the par-
ticle consists of a rigid tube, contractible sheath, and a baseplate. The structure
appears to be arranged in vertically stacked rings, each consisting of tube and sheath
protein hexamers, respectively. Therefore, the particle has an axial 6-fold rotational
symmetry (14). The baseplate is located at the distal end of the particle. The tail fibers
attached to the baseplate serve as a receptor binding structure-targeting lipopolysac-
charide molecules of susceptible bacterial strains (15, 16). The baseplate is the most
complex part of the contractile particle and is responsible for initiation of sheath con-
traction by transferring the signal from tail fibers (17, 18). The R-type tail tube is
extended with a spike-shaped protein complex that serves as a membrane-piercing de-
vice. An iron ion stabilizes the tip of the spike structure and helps with assembly of the
protein complex (19). In general, PTLBs are produced only by a small fraction of bacte-
ria from the whole population; they are assembled inside the cells and released into
the environment after cell lysis (10, 20).

Phage tail-like bacteriocins kill the target bacteria by forming a pore. After adsorp-
tion on a specific receptor, conformational change in the tail structure follows, result-
ing in contraction of the sheath and penetration of the tube through the cytoplasmic
membrane of the bacterium (21). Data from several studies suggest that even a single
PTLB particle is able to mediate cytoplasmic membrane depolarization of the cell (10,
11, 13). The sheath contraction is irreversible, as the contracted sheath is in the final
low-energy state; there can be only one attempt to create a membrane pore (22).

For F-type bacteriocins, the mode of their antibacterial action has not been well
studied yet, but it seems very likely that the disruption of bacterial envelope and dissi-
pation of membrane potential are involved (23). Production of F-type particles into the
medium is very low compared to the R-type bacteriocins (12, 24). Considering this,
mostly R-type bacteriocins will be discussed further in this paper.

As the emergence of antibiotic-resistant bacterial pathogens is a persistent worldwide
problem and because wide-spectrum antibiotics are no longer an effective solution, phage
tail-like bacteriocins are now the subject of research as possible new antimicrobial substan-
ces (25, 26) because of their potency, single-hit mode of action (21), and lack of genetic ma-
terial in contrast to bacteriophages. For the possible therapeutic usage, the narrow antibac-
terial spectrum of PTLBs could also be a disadvantage. However, this obstacle was solved
in pyocins, PTLBs from Pseudomonas aeruginosa, by fusing tail fibers of pyocins with parts
of tail fibers of bacteriophages that infect different hosts, for example, Escherichia coli (27).

This study is targeted at fonticins, phage tail-like bacteriocins produced by at least
five strains of the hydrogen sulfide-producing bacterium Pragia fontium from the fam-
ily Budviciaceae (28, 29). Spontaneous production of fonticin particles is rather low, and
their expression is stimulated in the bacterial population that undergoes certain stress
situations. Using mutagenic agents like UV radiation or mitomycin C, bacteriocin pro-
duction can increase by 2 orders of magnitude (12, 28). It has been shown previously
that fonticins kill susceptible strains related to the producing strain, but the bacterium
is insensitive to its own bacteriocin (12). Fonticins had been shown to kill susceptible
bacterial cells using the same mechanism of contraction and penetration of the bacte-
rial envelope as other PTLBs (12, 30-32).

Despite the fact that PTLBs are expected to create pores in the cytoplasmic mem-
brane of bacterial cells, to the best of our knowledge, no direct observation and
detailed investigation of pore formation was carried out so far on artificial membranes.
We have conducted this study in order to experimentally verify the pore-forming activ-
ity of fonticin particles on living bacterial cells. However, to study the single-pore prop-
erties of fonticins, we decided to use the advantage of a simplified bilayer model of
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FIG 1 Antimicrobial activity of strain 24613 fonticin particles on a susceptible Pragia fontium strain. (A)
Fonticin preparation was 5-fold serially diluted (see labels), and 5 uL of each dilution was spotted on LB
top agar with susceptible strain of Pragia fontium 24647. The highest concentration applied (2.5 mg/mL)
corresponds to the original fonticin preparation. The lowest concentration (0.8 ng/mL), which produced a
visible spot, is shown. More diluted samples did not inhibit bacterial growth (not shown). Representative
results from at least five separate spot tests are presented. (B) Killing activity of fonticin particles shown by
cell survival assay. Susceptible cells of P. fontium 24647 were 10-fold serially diluted (from OD,s, of 0.2 to
0.002) and incubated with fonticin particles (24613) with increasing concentrations (0, 1, 3, 10, 30, and
100 nwg/mL) and spotted on the LB agar plate directly (3 ul).

black lipid membranes (BLMs), not reflecting the complexity of bacterial envelope but
allowing the exact biophysical characterization.

RESULTS

Identification and structure of fonticins. Fonticin particles are produced in the
cultivation medium after mitomycin C addition to a growing culture of Pragia fontium
24613 (12). After 14 h (20°C, 160 rpm) of induction followed by centrifugation, filtra-
tion, and ultracentrifugation, the antibacterial activity of fonticins was tested (see
Materials and Methods). Fonticins created clear zones of inhibition on LB agar plates
that were overlaid with LB top agar containing the susceptible bacterial strain Pragia
fontium 24647 (Fig. 1). Inhibition zones made by fonticins typically have sharp edges
due to the absence of diffusion in the agar medium, in contrast to most antibiotics and
low-molecular-weight bacteriocins, such as microcins (33). Also, the cell survival assay
was performed to show fonticin antibacterial activity quantitatively (Fig. 1B).

The production of fonticins was visualized by transmission electron microscopy
(TEM). Fonticins were negatively stained by uranyl acetate. Electron micrographs
showed (Fig. 2; see Fig. S2 in the supplemental material) that Pragia fontium 24613 pro-
duces phage tail-like bacteriocins of both R- and F-types, but mainly contractile (R-
type) particles were present, in accordance with previous reports (12). We quantified
the occurrence of various fonticin forms; the most abundant were contractile particles
in their native, uncontracted form (84%). Contracted fonticins also occurred regularly
in the medium (10% of all particles). The remainder (2%) were flexible F-type particles
and production artifacts (4%): separated tubes, poly-sheath arrangements, and subu-
nits from decomposed particles.
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Native fonticin particle Contracted fonticin particle

FIG 2 Fonticin contractile particles in their native, contracted, and decomposed forms, with sheath
and tube visualized by TEM. The native fonticin particle is 124 nm long (W) and 18 nm wide (X). After
attachment of tail fibers to the specific receptor, the sheath is contracted, which enables the tube to
perforate cytoplasmic membrane. The contracted sheath is 54 nm long (Y) and 24 nm wide (Z). After
contraction, the sheath is usually released from the tube.

Fonticins display the same morphology as other phage tail-like particles (Fig. 2).
SDS-PAGE analysis of fonticin particles revealed two major protein bands of 38 and
15 kDa (Fig. S3), corresponding to the sheath and tube subunits detected in related
structures, respectively (10, 11). Uncontracted fonticin particles are very uniform in
size: they measure 124 = 4.5 nm in length and 18 = 1.4 nm in width. After contraction,
the sheath becomes shorter and thicker (54 = 1.5 nm by 24 = 1.5 nm) (Fig. 2).

For a more detailed understanding of the fonticin structure, we used two-dimen-
sional (2D) class-averaging analysis of TEM micrographs (Fig. 3) using RELION software.
Interestingly, the native particles (Fig. 3A) did not allow the contrasting agent to enter
the inner space, as only the sheath is visible on the micrographs. After contraction of the
particle, an important change in the fonticin tube occurs: its inner volume is displayed
dark, i.e,, it is filled by a contrasting agent. This provides evidence that the tube becomes
permeant for uranyl acetate (Fig. 3B). From the top views of the tubes (Fig. 3B, high-
lighted in green and red), we calculated the densitograms (Fig. 3C) and quantified the di-
ameter (d) of the inner fonticin cavity as d = 4.1 = 0.5 nm. Next, we focused on particle
endings in the averaging analysis. For simplicity, we labeled the longer part of the tube
protruding through the baseplate trans and the opposite part cis (Fig. 3B, right). The cis
side of the tube is bluntly finished and protrudes usually three or four plates out of the
sheath. The trans side of the tube is more heterogeneous, and it usually carries the spike
complex structure (Fig. 3B, right). In less frequent cases, the trans side of the tube is also
bluntly finished (Fig. S4), or it adheres to sample debris (not shown).

Pore-forming activity of fonticins. The ability of fonticin particles to permeabilize
the cytoplasmic membranes of a susceptible bacterial strain was tested on living bacte-
rial cells using potassium efflux assay, which enables direct observation of fonticin
pore permeability for inorganic ions. We detected leakage of potassium ions from a
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FIG 3 Negative-stain transmission electron micrographs of fonticin particles analyzed by 2D class
averaging classification. (A) Fonticin particle in its noncontracted native form (n = 649) and the
middle part at a higher resolution (n = 783, highlighted in yellow). (B) Fonticin particle in the
contracted form (n = 586) with averaged top view (highlighted in green rectangle) and the top view
of separated tube (red rectangle). The top (cis) and the bottom (trans) ends of contracted particle are
shown, both in two representative classes. The white arrows denote the section of diameter
quantification. (C) Densitogram used for the quantification of the inner diameter of fonticin particle.
The value of d = 4.1 = 0.5 nm was calculated for the cross-section of the top views.

susceptible strain of Pragia fontium 24647 (Fig. 4). After fonticin addition to susceptible
cells, within a few minutes, a dose-dependent effect was observed.

(i) Single-pore characteristics. The pore-forming activity of phage tail-like bacter-
iocins has been known for a long time now, but individual pores have not yet been
properly characterized. That led us to perform conductance measurements of individ-
ual fonticin pores on black lipid membranes, the model mimicking the biological phos-
pholipid bilayers surrounded by electrolytes. After the addition of fonticins to the BLM
system, a steplike increase in electrical current was observed, showing that separated
ion-permeable pores were formed probably during incorporation of the fonticin tube
into the membrane. Fonticins form mostly stable pores with uniform conductance of
about 785 = 60 pS (Fig. 5A) in standard conditions (1 M NaCl, 10 mM Tris, 8 mM MgCl,,
pH 7.3, applied potential 50 mV, membranes made with E. coli lipids). Under these con-
ditions, the lifetime of the pore is very long, usually several minutes (data not shown).
Each pore is typical, with a considerable current noise.

We measured the single-pore conductance of fonticins in NaCl solutions with
increasing molar strength (from 0.1 M to 3 M) and plotted it as a function of NaCl con-
ductivity (Fig. 5B). At NaCl concentrations lower than 0.1 M (data not shown), fonticin
particles were less active. The obtained dependence is linear; therefore, fonticin pores
are not saturable by Na* and Cl~ ions.

Next, we analyzed the ion selectivity of fonticin pore based on reversal potential. The
single-pore current measurement was performed in a 10-fold ion concentration gradient
across the membrane, with T M NaCl on the cis and 100 mM NaCl on the trans sides,
respectively. Both solutions were buffered with 10 mM Tris-HCl to pH 7.3. The applied
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FIG 4 Efflux of potassium ions from living cells due to the rapid pore formation induced by fonticins.
Baseline shows untreated cells of Pragia fontium 24647. Potassium efflux was measured using
potassium-selective electrodes in a vessel containing 6 mL of cell suspension with OD,, of 0.2. The
maximum potassium efflux was achieved by disruption of all cells by sonication (lysed cells). The data
were converted to parts per million. Before each measurement, the calibration of potassium-selective
electrodes was measured using precisely defined amounts of KCl solution (0.1, 1, and 10 ppm). The
data were aligned to zero by subtracting the initial baseline value. Original values of the baseline and
lysed cells were 0.30 and 0.36 V of electrical potential, respectively. Representative results from three
separate measurements are shown.

potential was continuously modulated within the interval from —60 to +60 mV. The
obtained reversal potential for NaCl, U, = 0.8 = 2.2 mV, indicates equal permeability for
Na* and Cl~ ions (Fig. 5C), with a similar result also for K* and CI~ ions (data not shown).
Zero selectivity of fonticin pores to any of the tested ions shows that the transport of these
ions is probably not limited by the inner surface of the fonticin pore.

(ii) Mapping the fonticin nanotube by PEG molecules. For characterization of the
fonticin pore inner profile, we used polyethylene glycols (PEGs) of various molecular
weights. If the molecules of PEG are small enough, they can enter the pore lumen. In that
case, PEG blocks the passage of Na™ and Cl~ ions and limits the electrical current through
the membrane. In these experiments, fonticins were added to the cis side of the cuvette in
a concentration of 50 ng/mL. After several hours of recording baseline and unblocked fon-
ticin pores, we added PEG 1000, 3350, or 8000 (20% [wt/vol]) to the trans or the cis side of
the cuvette, respectively, and recorded altered single-pore currents. We detected block-
ades of fonticin pores of the two types, decrease of overall ionic current or transient lower-
ing of ionic current with enhanced current noise (Fig. 6). We aimed for average single-pore
conductance. The molecules of PEG 1000 were able to enter the fonticin pore from both
sides of the membrane, reducing the electrical current to ~40% or ~20% when added
from cis and trans sides, respectively. The addition of PEG 1000 to the cis side probably led
to disintegration of some fonticin particles to smaller parts (possibly shorter tubes), as we
detected frequently atypical high-conductance single-pore events (2.5 nS) (Fig. S5). Next,
PEG 3350 molecules were able to block about half of the fonticin particles when added
from the cis side and reduced the electrical current to ~25%. However, most of the fonti-
cin pores were not blocked by PEG 3350 added from the trans side of the membrane. The
molecules of PEG 8000 did not induce any significant decrease in fonticin pore current
(Fig. 6), suggesting they cannot enter the pore from any side.

DISCUSSION

This study presents pore-forming properties of phage tail-like particles called fonticins,
produced by the Gram-negative bacterium Pragia fontium 24613. Our data show that P.
fontium produces R-type fonticins that measure 124 nm, which is within the range recog-
nized for the same fonticin particles previously (12). These dimensions of R-type fonticins
are also in agreement with those of many other phage tail-like bacteriocins like pyocins
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FIG 5 Pore-forming activity of fonticins on black lipid membranes. (A) Example of one open membrane pore
and gradual opening of five fonticin pores. With an increasing number of open pores, the current noise
increases. The average single-pore conductance is 785 pS (histogram is shown in Fig. 6) measured in standard
conditions (1 M NaCl, 10 mM Tris, and 8 mM MgCl,, pH 7.3, with applied voltage of 50 mV). (B) Single-pore
conductance of fonticins as a function of NaCl conductivity. Each point corresponds to a pore conductance
measured in NaCl solution with increasing molar strength, specifically, 0.1, 0.25, 0.5, 0.75, 1, 1.5, 2, 2.5, and 3 M
NaCl. For each NaCl concentration, a conductance histogram (n > 100) was constructed and fitted to a
Gaussian function. The error bars represent the width at the half maximum of the Gaussian fit. The data points
can be fitted to a straight line with a slope of 10.5 pS-cm-mS~". (C) Current-voltage characteristics of five
fonticin channels that were simultaneously present in the membrane with 10-fold NaCl gradient. lon selectivity
for Na* and Cl~ ions is 1:1 as can be deduced from the reversal potential where U,,, = —0.8 mV.

(34) or serracins (32). On the other hand, enterocoliticins were found to be about 35%
shorter, although they have similar overall structure (11). We show details of the fonticin
structure, namely, the types of tube endings. From TEM images, we can conclude that the
fonticin tube becomes permeable for the solvent only after particle contraction. At that
moment, the shorter (cis) ending opens to the medium, and the other side (trans) of the
tube bears a membrane-piercing complex that can be spontaneously released even in
vitro.

The ability of fonticins to kill sensitive bacterial cells is easily verified by a spot test
on an agar plate with a sensitive bacterial strain. Fonticins form clear zones of inhibi-
tion even in concentrations of 0.8 wg/mL. Due to the large size of fonticin particles, the
shape of the zone of inhibition reflects exactly the shape of the applied spot, as fonti-
cins are not able to diffuse through the agar.

We estimated the number of fonticin particles per cell needed for growth inhibition
when expecting the molecular mass of fonticin particle to be about 1 MDa and the effec-
tive concentration in the range of 1 nM. In the spot test assay, we applied the amount of
2.6 x 108 bacteria (in 0.1-mL suspensions) to the total area of the plate, 53 cm2. This corre-
sponds to about 4.6 million cells treated with the 5-uL droplet containing 500 million fon-
ticin particles, yielding 150 particles added per cell. At this multiplicity, fonticins kill all bac-
teria in the suspension. In this respect, fonticins seem less potent than other phage tail-like
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unblocked (control) and blocked by PEG 1000, 3350, and 8000. All measurements were performed at a constant potential of 50 mV
in 1 M NaCl, 10 mM Tris, and 8 mM MgCl,, pH 7.3, with E. coli lipids. Fonticin pores were blocked by the presence of 20% (wt/vol)
PEG 1000, 3350, or 8000, which was added to the cis (gray current traces) or trans (blue current traces) side of the cuvette. (B) For
each PEG size and side of PEG addition (cis or trans), a conductance histogram (n > 60) was constructed using kernel density
estimation (rectangular kernel with 50 pS width). The cis side addition of PEG is shown in gray and the trans side addition in blue.

The control histogram of unblocked fonticin pores was fitted to a Gaussian function with its center at

bacteriocins like pyocins. We expect that the relatively low killing activity of our fonticin
preparations could be caused by less effective binding to the treated cells or spontaneous
contraction of particles during their addition.

Pragia fontium 24613 produces both types of fonticins (R- and F-types); both theo-
retically might form membrane pores. To confirm that the R-type particles have a
major effect on pore formation, we used the strain P. fontium 25240, which is also able
to produce R-type fonticins but cannot produce F-type particles, as confirmed by TEM
observations (see Fig. S6 in the supplemental material). Fonticins produced by strain P.
fontium 25240 form less frequent but standard pores on BLM (Fig. S7), with a single-
pore conductance of 904 = 75 pS. We did not use fonticins produced by strain 25240
in our experiments, as these fonticins are more likely to contract themselves spontane-
ously, so the detected frequency of pore formation is quite low. We conclude that in
our experiments, the pore-forming activity of fonticin particles is very likely mediated
only by R-type fonticins. We still cannot completely exclude certain pore-forming activ-
ity of F-type fonticins of strain 24613. However, we can conclude that fonticins pro-
duced by strain 24613 show comparable pore properties to R-type particles of strain
25240 in our experimental setup. To the best of our knowledge, the producer strain of
solely F-type fonticins has not been discovered nor constructed yet, so we cannot test
the possibility of specific pore formation by F-type particles.

We are aware of the risks involved in the use of rough extracts in the production of
fonticin particles. These preparations may certainly contain other components that
could theoretically be also responsible for the formation of certain membrane pores.
Such proteins could include, for example, parts of disassembled particles like tape
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measure protein (TMP; required to determine the length of tail). In fact, the role of TMP
in disrupting the bacterial inner membrane was already described in Myoviridae (23,
35, 36). However, the soluble TMP from P. fontium would lose its long tubular form;
thus very high single-pore conductance could be expected in contrast to the conduct-
ance of a long cylindrical fonticin tube. Such an effect was observed with isolated TMP
(pb2 protein) from T5 virus showing high single-pore conductance of 4.6 nSin 1 M KCl
(37). Other contaminants not related to bacteriocins (like the OmpA protein) can be
rarely present in the fonticin extract and are also known to interact with artificial mem-
branes (38).

To exclude the possibility that pore formation is due to individual protein contami-
nants, genetic manipulation would have to take place. Deletion or inactivation of re-
sponsible genes in a wild isolate is complicated by the presence of several gene clus-
ters possibly involved in the expression of R-type fonticin protein components (Fig.
S8). Moreover, the intentional elimination of a particular single component followed
by loss of pore-forming activity would lead to ambiguous conclusions. It might be
explained by (i) direct involvement of the deleted protein in membrane disruption, or
(i) misassembly of the whole fonticin particle. An alternative approach would be heter-
ologous expression of individual relevant proteins in a strain that is unable to produce
any kind of bacteriocins.

However, in our experiments, the internal pore diameter determined using nonelec-
trolytes and Ohm'’s law corresponds well to the expected fonticin particle diameter
(according to TEM and literature). Therefore, we assume that possible contaminating
components did not have a significant effect on pore formation in our results.

We have demonstrated that R-type fonticins (produced by P. fontium 24613) form
pores in the cytoplasmic membrane of susceptible bacterial cells and they are also able to
form large pores in the artificial membranes composed of isolated E. coli lipids. The pore-
forming activity of fonticins in vivo was measured using potassium leakage assay. The
kinetics of lysis measured by K* efflux (Fig. 4) starts within seconds even after the smallest
amount of fonticin addition (5 wg/mL), exhibiting almost no time delay, which might sug-
gest single-hit kinetics (39). The K+ efflux correlates with decay of living bacteria according
to cell survival assay (Fig. 1B) where even the lowest concentrations of fonticins added to
a susceptible strain, 24647, are able to kill bacterial cells.

In vitro fonticin pore characteristics were provided by conductance measurements on
the black lipid membranes. Our results clearly show that fonticins form distinct nonselec-
tive pores with very stable conductance of 785 pS that linearly depends on the molar
strength of the buffer used. In vivo, fonticins are expected to form these large transmem-
brane pores during contraction of their sheath after binding on specific receptors, prob-
ably a lipopolysaccharide of specific composition, on the surface of sensitive bacterial cells.
Fonticins are able to form pores even with no LPS present in the black lipid membranes
formed with E. coli lipids dissolved in n-decane and butanol. However, a similar effect is
seen routinely with other pore-forming agents like bacterial toxins (ApxIA, CyaA, or RtxA)
that do not require their native receptors in BLM experiments (40-43). Such an effect can
be explained by specific features of the used method; only those molecules/particles that
are inserted properly into the planar lipid bilayer and form a transmembrane pore can be
selectively detected, although they are surrounded by a vast majority of nonbounded mol-
ecules (44). The presence of a specific membrane receptor usually induces dramatically
enhanced binding and insertion of studied molecules into the bilayer followed by
increased membrane permeability. But the presence of membrane receptors showed only
a negligible effect on specific pore properties like typical single-pore conductance, pore
stability, or ion selectivity of bacterial toxin CrylAa (45).

Although fonticins bind to the surface of artificial membranes with less efficiency,
just a few molecules per hour, we are still able to detect their pores due to the sensitiv-
ity of the method. It is not clear whether fonticin particles bind to the surface of the ar-
tificial membrane and form pores during the contraction of their sheath, as in the case
of living bacterial cells, or if the precontracted particle is also able to create the pore
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into the artificial membrane. There is also an option that tubes that are separated from
their sheaths could also be responsible for pore formation on artificial lipid mem-
branes. In this case, we would anticipate similar single-pore properties of separated
tubes and the whole fonticin particle because of their identical expected pore diameter
and profile.

The dependency of conductance of fonticin pores on the NaCl concentration (or con-
ductivity) is linear, with a slope of 0.69 pS - mM~". Such a specific pore conductance
means that every increase of NaCl concentration by 1 mM increases the conductance of
fonticin pore by ~0.7 pS. From such pore behavior, together with no ion selectivity (Fig.
5), we deduce that the inner shape of the channel can be plausibly approximated by a
rigid cylinder filled with the electrolyte. In line with this premise, we estimated the effec-
tive inner diameter of the fonticin pore using calculation of cylindrical shape conductor
properties G = S/(p - I), where G stands for conductance of fonticin pore that is 0.78 nS in
1 M Nadl (Fig. 5), | is the length of the conductor where | = 124 nm (known from the TEM
images shown in Fig. 2), S is the conductor cross section, and p is specific electrical resis-
tivity where p = 117,647 uQm (for simplification, calculated from conductivity of NaCl so-
lution; y = 85 mS/cm). From these values, we obtained S = 11.45 nm?, yielding the effec-
tive inner diameter of fonticin pore of d.s = 3.82 nm, calculated for Na* and CI~ ions
without any substantial interaction of these ions with the wall of the pore. To compare
our result with another pore-forming protein complex, we calculated the inner diameter
also for a-hemolysin from Staphylococcus aureus using the same equation. The conduct-
ance of a-hemolysin was 0.69 nS, measured under the same conditions as fonticins (1 M
NaCl, applied potential 50 mV; data not shown). Our calculation suggests that the effec-
tive inner diameter of a-hemolysin is 1.0 nm (expecting that the length of the pore, |, is
9.8 nm) (46). Crystallographic data reveal that a-hemolysin’s real inner diameter is consid-
erably larger and ranges from 1.4 to 4.6 nm. There is a discrepancy between the effective
inner diameter of a-hemolysin pore and crystallographic model, which shows that a-he-
molysin cannot be simply approximated by a cylindrical conductor. Fonticin nanopore
has ~14 times larger effective pore cross section but 13 times longer particles than a-he-
molysin (46) (Fig. 2), which explains comparable overall ion conductance of these
nanopores.

The usual procedure for determining the pore size is to block single pores with dif-
ferent sizes of nonelectrolytes, e.g., polyethylene glycols (47, 48). However, the size
and shape of PEG molecules are still a matter of research. One could expect random or
Gaussian chains, stretched forms, and helical or planar structures (49), which might
complicate the interpretation of the data. We tested if PEG 1000, 3350, or 8000 is able
to enter into the fonticin pore from the cis and trans sides of the membrane and alter
the single-pore properties (Fig. 6). We expect that the fonticin tube binds to the artifi-
cial membrane by its trans ending (labeled in Fig. 3B; BLM scheme in Fig. S1), which is
supposed to carry a membrane-piercing complex. PEG 1000 molecules that have a di-
ameter of about 1.88 nm (42) induced considerable fonticin pore blocking when added
from any side of the membrane. However, PEG 3350 molecules with an average size of
3.56 nm (42) were able to enter the fonticin pore mostly from the cis side. The majority
of recorded fonticin particles with PEG 3350 added to the trans side did not show
decreased single-pore conductance. From this observation, we speculated that the cis
end of the particles remains open and accessible for the molecules in the solution,
whereas the trans end is partially closed by the spike complex that still allows the pas-
sage of Na* and Cl~. Interestingly, for a few fonticin molecules, we also observed
blocking by PEG 3350 from the trans side. We suppose that these were the particles
with released spike complexes, as can be rarely observed also on TEM images (Fig. S4).
The largest nonelectrolyte tested, PEG 8000, did not block the fonticin pore from any
side of the membrane. We estimate the molecular diameter of PEG 8000 to be 4.50 nm
based on published data (50).

The ability of PEG molecules to block fonticin pores was, in fact, surprisingly high.
The bulk conductivity of the electrolytes with PEG (20% [wt/vol]) was approximately
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FIG 7 Comparison of fonticin major tube protein and related pyocin tube protein. (A) Sequence alignment of fonticin major tube
protein (QQ39_04825) and pyocin tube protein (GenPept accession no. WP_003085175; PDB accession no. 3J9Q) from Pseudomonas
aeruginosa (14). The sequence alignment was performed by Clustal Omega (1.2.4) software. The C-terminal part of the pyocin protein
sequence (in bold) is missing in the fonticin sequence. On the right side, the tube structure is shown with a highlighted inner
diameter of about 3.6 nm. (B) Side view of reconstructed pyocin tube structure. The parts highlighted in black correspond to the C
terminus of the protein missing in the fonticin structure. (C) Model of pyocin tube structure with removed C-terminal 29-amino-acid
residues to mimic the situation in fonticin. These residues are clearly responsible for interaction of the pyocin tube with the sheath
and for stabilizing the tube stacks above each other. When the C-terminal part of the tube protein is missing, then clear necking
(green arrow) of the whole tube can be seen. The images were generated using PyMOL software. (D) Averaged 2D model of fonticin
tube (TEM images from Fig. 3) showing separated stacks with necking (green arrow). Similar necking can be seen in bacteriophage
©812K1-420 (52).

43 mS - cm~! for all types of PEG molecules in contrast to pure 1 M NaCl with conduc-
tivity of 86.3 mS - cm~'. From these values, one would expect about a 50% decrease in
pore current if the inner channel volume stays occupied by PEG molecules compared
to bulk solution. As the blocked pore conductance for PEG 1000 and 3350 is between
20 and 40% (of the unblocked pore), we can conclude that PEG molecules tend to
accumulate within the fonticin pore. A similar effect was already observed in, e.g.,
hemolysin BL, enterotoxin of Bacillus cereus (51).

We characterized the fonticin tube shape also by TEM densitograms and quantified
the inner diameter of about 4.1 nm = 0.5 nm. Note that the absolute value depends
on the selected criteria because the contrasting agents accumulate inside the tubes
more than in the surroundings (Fig. 3C). All these results are also consistent with the
dimensions of related structures that were experimentally solved (14, 52) (PDB ID
accession no. 3J9Q) where we recognized an inner diameter of about 3.6 nm (Fig. 7).

This inner tube diameter clearly evolved to allow the transport of double-stranded
DNA through the bacteriophage tail. Another established function of the inner tube of
both R-type bacteriocins and phage tails is to house the tape measure protein, which
fills the internal space of the tube, as can be seen in some of the higher resolved cryo-
electron microscopy (cryo-EM) structures (3, 53). Later, the structure changed its func-
tion, as the fonticin particles effectively kill the sensitive cells by perforating their mem-
branes for small ions and molecules. If we reflect that potassium and chloride can
freely pass through to the contracted phage tail-like bacteriocins, which leads to cell
death very effectively, then we came across an intriguing notion. The evolutionarily
related contractile tail bacteriophages must have their capsid head sealed waterproof,
not only to protect its genome from environmental stressors but also to prevent killing
the phage’s host cell, as bacteriophages need theirs hosts alive. Any potential mutation

January 2023 Volume 205 Issue 1 10.1128/jb.00315-22 11


https://doi.org/10.2210/pdb3J9Q/pdb
https://www.ncbi.nlm.nih.gov/protein/WP_003085175
https://doi.org/10.2210/pdb3J9Q/pdb
https://journals.asm.org/journal/jb
https://doi.org/10.1128/jb.00315-22

Pore-Forming Properties of Fonticins

in bacteriophage capsid that would cause ion flux across the bacterial membrane
would be doomed to evolutionary failure and extinction.

Pore-forming proteins embedded into the artificial lipid membranes have already
been tested for detection, characterization, and quantification of various types of mole-
cules. Lots of the work has been done on a-hemolysin (from Staphylococcus aureus) (54) or
Mycobacterium smegmatis porin MspA (55, 56). Both of them became the model protein
pores for both nanopore-based mass spectroscopy in solution (54, 57) and DNA sequenc-
ing by nanopore (58, 59). Both methods are based on quantification of changes in ionic
current. We propose that R-type fonticin particles might be used for characterization of
double-stranded nucleic acids in solution in terms of their length and possibly secondary
structure. The only essential complication stems from the necessity to quantitatively
remove the terminal membrane-piercing complex from the tube. We demonstrated in
vitro that this complex is permeable for small ions but not for molecules larger than 3 kDa
(Fig. 6). We hypothesize that this complex may stay preserved in the fonticin particles per-
forating the attacked cell. If so, the complex shape and the nature of its surface ensure a
firm attachment of the particle in the membrane, but it can also serve as a kind of filter
protecting fonticin from clogging by cellular protein molecules.

Conclusion. The aim of the presented research was to examine the structure and
pore-forming activity of fonticins, phage tail-like bacteriocins produced by Pragia fon-
tium. We have demonstrated that fonticins perforate bacterial membranes and induce
K* efflux. At the same time, these bacteriocins create defined pores in the artificial lipid
membranes. We assume that both phenomena are induced by the same types of struc-
tures. The conductance of fonticin pore in artificial membranes is 785 pS in T M NaCl
and is linearly dependent on the molar strength of electrolyte used. By calculation of
cylindrical shape conductor properties, we deduced the effective inner diameter of
fonticin pore to be 3.82 nm, which is in agreement with our data from transmission
electron microscopy, where the tube diameter was recognized to be about 4.1 nm.
The largest PEG molecule that can enter the tube has a diameter of about 3.56 nm,
whereas the PEG molecule of 4.5 nm cannot pass the pore. The terminal membrane-
piercing complex also restricts the molecules entering the fonticin tube. In the possible
use of fonticins in mass spectroscopy in solution, the wide inner diameter of the pore
could be advantageous for detecting larger molecules like dsDNA or dsRNA.

MATERIALS AND METHODS

Bacterial strains and growth conditions. In this work, the following bacterial strains were used.
Pragia fontium 24613 was the strain producing fonticins. Pragia fontium 24647 was used as a strain suscepti-
ble to fonticins produced by the strain 24613, but it is also able to produce its own fonticin particles. Pragia
fontium 25240 was used as another strain producing fonticins. All bacterial strains were kindly donated by
Jan Smarda and previously characterized (12). The bacterial strains were grown aerobically in LB medium at
30°C. The growth was monitored by measuring optical density at 450 nm (OD,;s,).

Production of fonticins. The protocol for PTLB production was described previously (11) and
adjusted for fonticins. Fonticin production by the producing strains (P. fontium 24613, 24647, or 25240)
was induced by 0.5 ng/mL mitomycin C (Carl Roth) as addition to a growing culture (OD,,, = 0.5, 30°C,
160 rpm). After 14 h of incubation (20°C, 160 rpm) the cells were pelleted (8,000 x g, 30 min, 4°C), and
supernatants were sterilized by filtration (MF-Millipore membrane filter; 0.22 um pore size). Sterilized
supernatants were treated with 0.8 mM Triton X-100 to solubilize contaminating membrane vesicles.
After 1 h of incubation with Triton X-100, supernatants were pelleted by ultracentrifugation (28,000 x g,
2 h, 4°C). Pellets were then resuspended in a buffer containing 150 mM NaCl, 8 mM MgCl,, and 10 mM
Tris (pH 7.2) to a concentration of 2.5 mg/mL. The concentration of fonticins was determined by
Bradford protein assay, and the sample quality was controlled by SDS-PAGE. To remove unwanted resi-
dues of bacterial DNA, DNase (DNase | from bovine pancreas; Roche) was added to each fonticin prepa-
ration at a concentration of 200 ng/mL, followed by incubation at 37°C for 2 h. For our purposes, fonti-
cins were not further purified because every such attempt led to a considerable loss of activity. The
antimicrobial activity of each fonticin preparation was examined by a spot test.

The majority of experiments were performed with fonticins produced by strain 24613. Fonticins in
this paper are meant the ones from P. fontium 24613 if not specified otherwise.

Antimicrobial activity of fonticins. (i) Spot test. Fonticins (2.5 mg/mL) were serially diluted with
sterile distilled water, and 5 L of each dilution was applied on the LB plates topped with 3 mL of LB top
agar containing 100 uL of susceptible bacterial culture in the exponential phase (OD,s, = 0.6, which is
about 2.6 x 107 CFU/mL). Plates were incubated overnight at 30°C.

(ii) Cell survival assay. The cell survival assay was performed as described previously (27, 60) with a
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few modifications. Susceptible bacterial cells (60) of Pragia fontium 24647 were harvested by centrifuga-
tion at the exponential phase (O D,, = 0.5) and resuspended in 10 mM HEPES buffer (pH 7.3) with 0.5%
glucose to an optical density of OD,, of 0.2. Susceptible cells were subsequently 10-fold serially diluted
to OD,, of 0.02 and 0.002. Fonticins (24613) with increasing concentrations of 0, 1, 3, 10, 30, and
100 ng/mL were incubated in LB with susceptible bacterial cells (P. fontium 24647) for 15 min at 30°C.
The samples (3 uL) were then applied on the LB agar plate and incubated overnight at 30°C.

K* efflux assay. Measurements of potassium efflux using living cells were performed as described pre-
viously (61). Briefly, Pragia fontium 24647 cells were grown aerobically overnight at 30°C. Overnight culture
was used to inoculate LB medium (starting density, OD,, = 0.05) enriched with 10 mM KCl. Cells were grown
until the exponential phase was reached (OD,,, = 0.5) and then harvested by centrifugation at 5,000 x g,
25°C, for 10 min. The cell pellet was washed in 100 mM sodium phosphate, pH 7.0, and then resuspended in
1 mL of 100 mM sodium phosphate, pH 7.0, with 5% glycerol (assay buffer). Cells were kept on ice and used
within 2 h after 30 min of incubation on ice. An aliquot of cells was added to a K* efflux cuvette containing
assay buffer (the temperature was maintained at 30°C) to a final OD,, of 0.2. Potassium efflux measurements
were performed using an ion-selective electrode for potassium ions (Elit 8031 with a polyvinyl chloride [PVC]
membrane), double-junction lithium acetate reference electrode (ELIT 003n), and a temperature probe. As a
baseline, an amount of potassium ions leaked from untreated cells was recorded for all experiments.
Fonticins were added at concentrations of 5, 10, and 20 ug/mL. As a positive control, the cells were lysed by
sonication, exerting a maximum possible K* efflux. Prior to all of the measurements, the electrodes were cali-
brated by measuring a series of K* standards (0.1, 1, and 10 ppm KCl).

Transmission electron microscopy. Fonticins (0.5 mg/mL) were applied on a carbon-coated copper
grid and removed after 5 min by a wedge of filter paper. The grid was then washed three times with distilled
water. After the fonticin suspension had dried, the negative stain was performed two times (30 s each) with
a fresh, filtered solution of 2% (wt/vol) uranyl acetate. Samples were visualized with a Jeol JEM-2100Plus elec-
tron microscope at 120 kV (Imaging Methods Core Facility, Biocev, Prague, Czech Repubilic).

The occurrence of fonticins in all of the different types and conformations was calculated manually
using negatively stained fonticin preparation (n = 1,274 particles analyzed). The quantification of fonticin
dimensions in native and contracted conformation (n = 98) was performed manually using Fiji (ImageJ
2.1.0/1.53¢) software.

For the purpose of image analysis by 2D class averaging, about 2,000 transmission electron micro-
graphs of negatively stained fonticins (0.5 mg/mL) were collected by Tecnai F20 (200 kV, Cs objective 2.0
mm) with a magnification of 62,000x (1.79 A/pixel). Two-dimensional class averaging classification was
provided by EMAN2 (version 2.31) and RELION (version 3.1.2) software (Cryo-electron Microscopy and
Tomography of CIISB [CEITEC], Brno, Czech Republic).

Black lipid membranes. Electric current measurements were performed in a Teflon cuvette divided
into two compartments by a Teflon partition with a small aperture (0.5 mm in diameter) in it, connecting
both compartments. Each compartment was filled with 1.5 mL of 1 M NaCl, 10 mM Tris-HCl, and 8 mM
MgCl, (pH 7.2). Black lipid membranes were formed with 3% E. coli polar lipids (Avanti Polar Lipids;
extract of E. coli B [ATCC 11303] containing 67% phosphatidylethanolamine [PE] [wt/wt], 23.2% phos-
phatidylglycerol [PG] [wt/wt] and 9.8% cardiolipin [CL] [wt/wt], according to the manufacturer) dissolved
in n-decane/butanol (9:1 [vol/vol]) by painting the lipids across the aperture. The details of this method
were described elsewhere (62). Fonticins were added to the cis side compartment (the side with the pos-
itive electrode) at a concentration of 50 ug/mL (see Fig. S1 in the supplemental material). The mem-
brane potential (50 mV) was maintained using Ag/AgCl electrodes. Electric current was amplified with
the LCA-200-10GV amplifier (Femto) and digitized with a KPCI-3108 card (Keithley) at a 2-kHz sampling
rate. Single-pore events were analyzed with QuB software (63) and custom-made scripts (64). The con-
ductance of each pore opening was calculated as G = I/U, where [ is the electric current and U is the
membrane potential. Fonticin channels were blocked by PEG 1000 (20% [wt/vol]; Sigma), PEG 3350 (20%
[wt/vol]; Sigma), and PEG 8000 (20% [wt/vol]; Sigma); all of the analytes were added to the cis or trans
side of the cuvette, depending on the experimental setup.

The ion selectivity of fonticin channels was measured using triangular voltage ramps for a period of
100 s. Applied potential ranged from —60 mV to 60 mV and was changing linearly. The ion selectivity
was measured in a 10-fold ion gradient, with 1 M NaCl (or 1 M KCl) on the cis side and 100 mM NaCl (or
100 mM KCl) on the trans side; all solutions were buffered with 10 mM Tris-HCl to pH 7.2 and contained
8 mM MgCl,. Salt bridges were used on the electrodes. Fonticins at a concentration of 50 ug/mL were
added to the cis side of the cuvette. Individual pore openings, plotted as current-voltage dependence,
were fitted with a linear function. Obtained parameters were used for calculation of reversal potential
(U,,), indicating the applied transmembrane voltage at which the net ion current has a zero value in the
presence of ionic gradient across the channel (65). The ion selectivity (Na*/Cl~ or K*/ClI™) was deter-
mined as a ratio of ion permeabilities according to the modified Goldman-Hodgkin-Katz equation (66).

RT P.-cy+ P,y
UI'EV = — ‘N
F P.-cy +P,-cy
where R is the gas constant, T is the thermodynamic temperature, F is the Faraday’s constant, P_ and P,
are ratios of permeability of cations and anions, and ¢, and ¢, are concentrations of buffers used on the
cis and trans sides, respectively.

LC-MS. Liquid chromatography-mass spectrometry (LC-MS) analyses were performed in the

Laboratory of Mass Spectrometry at Biocev research center; Faculty of Science, Charles University.
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